Abstract-A control framework is proposed that autonomously modulates a dexterous grasp synergy to proactively prevent grasped object slip. The proposed controller offers a practical means of preventing slip in uncertain environments, such as upper-limb prosthetics applications. The controller was evaluated with slip prevention experiments in which a dexterous manipulator grasped four separate objects and was subsequently excited by a robotic arm. Results showed that the proposed strategy significantly reduced grasped object slip.
. Fictitious forces imparted on a grasped object while undergoing rotational motion. These forces can destabilize a grasp and cause object slip if not properly accounted for. The parameters m and I denote the mass and moment of inertia of the grasped object, respectively, while r denotes the length of the lever arm between the rotational axis and center of mass of the grasped object. (Inset) Coordinate directions of object frame and associated rotational velocities ω x , ω y , and ω z .
Reactive slip prevention plays an essential role in human grip control to compensate for exogenous disturbance forces applied unexpectedly to the grasped object [12] . It has been suggested that this trait is dependent upon feedforward control as well as sensory feedback [13] .
Regarding proactive slip prevention, humans modulate their grip force in accordance with wrist rotation [14] . Additionally, increased inertial loads evoked by voluntary cyclic arm movements prompt increases in human grip force to maintain grasp stability [15] . Flanagan and Wing have also shown that people adjust their grip force to account for increased inertial forces induced by Coriolis and centripetal acceleration [16] .
Drawing inspiration from these anticipatory slip prevention control mechanisms inherent in human manipulation, this paper takes a novel approach to compensate for slip-inducing inertial (or fictitious) forces that arise from motion of a dexterous hand rotated by a robotic arm. Specifically, Coriolis, centripetal, and transverse forces that result from the rotational motion of a robotic elbow and shoulder are detected and used to proactively prevent grasped object slip (see Fig. 1 ). This is done with a tripod grasp synergy for a dexterous robotic hand in a synergistic way so that only a single input is required to control the hand, which would be relevant and useful for the increasingly dexterous prosthetic hands such as the i-Limb Ultra Revolution, among others [17] . This is a substantial contribution over prior work [18] , which had no provision for synergistic hand control and considered only wrist velocity feedback from a single axis at a time. Furthermore, a generalized technique to significantly reduce grasped object slip for multiple rotational axes is presented, which would be readily adaptable to a wide range of grasp types and tasks without requiring detailed information about the grasped object, trajectory of the manipulator, or tactile feedback. 
II. PROACTIVE SYNERGISTIC SLIP PREVENTION CONTROLLER
Multiple definitions of the term synergy (kinematic, force, etc.) exist in the literature as it relates to hand and grasp control. In essence, synergistic control acts a means to reduce high dimensional control problems via mappings to a lower dimensional space. In the context of this paper, synergy refers to the temporal coupling of joint movements to produce coordinated hand movements, similar to those proposed by Vinjamuri et al. [19] , as well as previous studies by the Kent et al . [20] , [21] . The proposed proactive synergistic slip prevention (PSSP) controller utilizes a temporally synchronized grasp synergy concept, whereby multiple joint motions are coordinated simultaneously via a single control input that is ubiquitous in prosthetics applications [20] . This is done by approximating each joint trajectory as a polynomial function; all joints involved in the grasp synergy share a common parameter t, which serves as the single control input to the system (see Fig. 2 ). To proactively prevent slip, the PSSP controller implements up to three positive feedback terms which increase t, thereby driving the hand further along the path of the grasp synergy to squeeze the grasped object more tightly. This is done to account for each of the fictitious forces described in Section II-C and shown in Fig. 1 .
A. Tripod Grasp Synergy
In this paper, a tripod grasp is considered as this is commonly used with many newer multidigit prosthetic hands. However, the approach outlined below could be easily adapted to any other grasp synergy or task [20] , [21] . The tripod grasp was synthesized by approximating each of the individual joint motions via cubic polynomials that share a common term t. Hence, for a given joint m, the desired position x D m is given by
To control multiple joints simultaneously, the polynomial coefficients for each joint are subsumed into a coefficient matrix A, which defines the desired position vector x D for all n joints of the system
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. . .
Via (2), all actively controlled joints can be simultaneously controlled by incrementing or decrementing the shared vector T , which is defined from t ∈ [0, 1] [see Fig. 3(a) ]. At t = 0, the hand assumes an open posture, and executes the desired tripod grasp as t → 1 [see Fig. 3(b) ]. While only a single synergy (tripod grasp) is considered in this paper, different grasp synergies can be chosen for any desired task through different A matrices [20] , [21] . The PSSP con- troller subsequently discussed could readily be adapted to other such synergistic grasps, provided the resulting trajectories are monotonic with respect to the vector T. That is, an increase in t corresponds to a more flexed posture of the hand along all values of t.
In this paper, the single control input t is given by
In (3), the parameter t 0 is set such that a stable grasp of an object is achieved while the manipulator is stationary. Motion of the manipulator induces the aforementioned inertial forces on the grasped object, which can destabilize the grasp. The last three terms in (3) (t N , t T , t C ) act to increase the control input t (thereby increasing the grip force) in the presence of these additional inertial load forces (see Fig. 2 ), which would be unknown to the system without the gyro attached to the back of the palm. The three compensatory terms in (3) are subsequently described in detail in Section II-C.
B. Sliding-Mode Control
Control of the hand is facilitated via a robustly stable PID slidingmode control law of the form
where V S ∈ R n (n = 10: three DOFs per finger and four for the thumb) is the voltage input vector to the motors (see Fig. 2 ). K I ∈ R n x n , K P ∈ R n x n , and K D ∈ R n x n are the diagonal integral,
proportional, and derivative matrices that respectively define the slope of each sliding error manifold. C ∈ R n xn is a diagonal matrix that is chosen as an upper bound estimate on the motor voltages required to overcome the torques applied to the joints of the Shadow Hand. e ∈ R n is the error state of the manipulator, defined as e = x D − x. The vector saturation function, sat, is used to partially linearize the control law to alleviate chatter that could occur with the signum function. For more details on this controller, refer to [22] [23] [24] for a thorough discussion on the stability of sliding-mode control.
C. Grip Force Compensation for Inertial Forces
External torques resulting from rotational motion can act to destabilize a grasp by moving the grip to load force ratio outside of the friction cone at each contact point [25] . With the PSSP controller, external torques imparted on the object due to each of these fictitious forces are compensated for by an individual term (t N , t T , t C ) that increments the input t that is shared by all of the polynomial joint motions (see Fig. 2 ). Increasing the input t causes the digits of the hand to flex and squeeze the object more tightly to compensate for destabilizing arm motions. To see this, note that increasing the desired position of each joint (flexing the digit) increases the experienced joint torques (τ i ), and accordingly modifies the applied wrench at each contact point i.
The compensation terms are calculated relative to the measured rotations about each individual axis in the object frame (see Fig. 1 ). This enables axis dependent gains, which reflects the fact that human grip force response is dependent upon the direction of an unexpected applied load force, as well as the grasp orientation with respect to gravity [26] .
1) Transverse Force:
The transverse force is associated with the mω p × r term in Fig. 1 , where p = x, y, z. This force acts perpendicular to the position vector r and imparts a disturbance torque to the grasped object that is proportional to the change in angular velocity. Accordingly, the compensation for this torque is scaled by the positive gain vector
2) Centripetal Force: The centripetal force acts toward the origin of rotation along the position vector r, and is associated with the mω p × (ω p × r) term in Fig. 1 . The magnitude of the disturbance torque produced is proportional to the square of the angular velocity ω. Thus, compensation for this torque is scaled by the positive gain vector
3) Coriolis Force: The final term in Fig. 1 is the Coriolis force, which results from multiple simultaneous orthogonal rotations of the object. This produces an additional destabilizing torque that is proportional to (ω p × ω q = p ), where q = x, y, z. Accordingly, Coriolis compensation is scaled by the positive gain vector
This term increases the T vector proportionally to the magnitude of the cross product of the angular velocities ω p and ω q = p .
The absolute values of the individual velocity terms are used in (5) and (7) to ensure that negative velocity signals always produce an increase in the control input t, thereby ensuring flexion of the digits and an increase in the grip force. The square of the velocity signals that inherently occurs in (6) automatically yields the propensity of finger flexion.
4) Parameter Tuning:
Equations (5)- (7) describe the compensatory terms used to proactively increase the applied grip force to prevent grasped object slip. Since the controller is presented within the context of a single input grasp synergy, the three compensatory terms (5)- (7) are designed to produce scalar signals. This scalar formulation would be useful in prosthetics applications where little information regarding the grasped object is available; however, this is not required, and leaves the possibility of utilizing this concept in other, existing control schemes (see Section V).
The PSSP controller requires selection of nine independent gains to modulate the grip force. However, in dynamic grasping situations (such as upper-limb prosthetics), information regarding the moment of inertia and coefficient of friction are rarely known [7] . In the absence of any additional knowledge regarding the grasped object to guide gain selections, a maximum upper bound required to maintain grasp stability for each gain value in (5)- (7) at each contact point can be derived as follows: First, calculate maximum allowable values for arm rotation rate (denoted ω p M ,ω p M for brevity). Next, formulate the maximum permissible object inertia tensor (I m ax ). Substitute these maximal values into the general case equation for rotational motion-τ = Iω + ω × (Iω). The angular velocity vector is
T and I is the grasped object inertia tensor. Grouping like terms gives the maximum torque that could be created by inertial loads
and A C ∈ R 3 x 3 are comprised of elements of the maximum allowed moment of inertia tensor I m ax . By equating the gain coefficients in K T , K N , and K C (5)- (7) with the corresponding coefficients of ω p M andω p M in (8) respectively scaled by a worst case estimate of the friction coefficient, the maximum gains required to proactively prevent slip can be estimated. This is certainly conservative, but leaves the possibility of adaptive gains for different objects if additional information regarding friction and inertia is available from other sensor modalities, such as vision or tactile feedback (see Section V).
III. EXPERIMENTAL METHODS

A. Robotic Hardware: Shadow Hand and Yaskawa Arm
The Shadow C6M Dexterous Hand (Shadow Robot Co., Inc., London, U.K.) is a 24 joint, 20 DOF tendon-driven anthropomorphic manipulator. This paper considers the first and middle fingers and thumb, with the corresponding kinematic model shown in Fig. 4(a) . The two fingers have four joints and three DOFs; the proximal interphalangeal and distal interphalangeal joints are coupled. The thumb has five joints and five DOFs. Abduction of the metacarpophalangeal joint is not considered in this study, resulting in a four DOF thumb model [see Fig. 2(a) ]. To ascertain the angular velocities of the manipulator, a gyro (IDG-300, InvenSense, Inc., Santa Clara, CA, USA) was connected to the back of the palm. Joint angles were measured via calibrated the Hall effect sensors with a resolution <1°. The Yaskawa SIA10F (Yaskawa Electric Corp., Kitakyushu, Japan) is a seven DOF robotic arm [see Fig. 4(b) ]. In this paper two axes are considered, which were used to rotate the Shadow C6M Dexterous Hand as it grasped four different objects. The Yaskawa Arm is operated via a FS100 controller and teach pendant which can be used to manually control the robot or program preplanned trajectories.
B. Slip Prevention Study Methods
To evaluate the proposed PSSP framework, the Shadow Hand was made to grasp four different objects (see Fig. 5 ) and was subsequently excited by the robotic arm to induce the aforementioned fictitious forces on the grasped objects (see Fig. 6 ). During the course of the study, six separate configurations of the PSSP controller were considered (see Table I). The configuration determined which of the three fictitious forces (centripetal, transverse, and Coriolis) were actively compensated for by the controller. In the 0 configuration, the posture of the hand is determined by an initial parameter t 0 , and does not actively compensate for the induced fictitious forces (see Table I ). In the remaining configurations (N, T, NT, C, and NTC), the control input t is supplemented with up to three additional terms, defined in (5)-(7). These terms increase the input t shared by the polynomial joint trajectories (2), which causes the digits of the hand to flex and squeeze the objects more tightly (see Fig. 3 ).
The centripetal and transverse inertial forces can arise from rotation of only one axis of the arm. Conversely, the Coriolis disturbance results from simultaneous rotation of multiple arm axes. Accordingly, the effects of centripetal and transverse forces were evaluated using only J1 of the arm (1Axis experiments), while the effect of Coriolis acceleration was evaluated using both joints (J1 and J2) simultaneously (2Axis Experiments).
C. Proof of Concept (POC) Experiments
In initial experiments, the hand was made to grasp a single axis load cell (LRM200, Futek Inc., Irvine, USA) to record the grip force applied by the manipulator. Grip force data were recorded at 50 Hz as one or both joints of the Yaskawa arm were excited using the teach pendant. This was done with the four configurations listed in Table II , POC experiments. The results of these experiments illustrated the effect that each inertial force compensation term had on the applied grip force in response to rotational motion.
D. Slip Prevention Experiments 1) 1Axis Experiments:
After the POC experiments, the ability of the PSSP controller to prevent slip was quantified. In these experiments, the hand was made to grasp one of four objects denoted O1-O4 (see Fig. 5 ). These objects were chosen to represent a small sample of objects that may be encountered during everyday living that include various levels of mass, curvature, and stiffness.
The arm was placed in the zero position [see Fig. 4 (b)], and each object was placed in the grasp of the Shadow Hand by choosing a suitable initial posture (dictated by the input, t 0 ). Prior to trials, t 0 was empirically determined for each object by slowly incrementing the value until a stable grasp was achieved while stationary. This value of t 0 was then used for all subsequent trials for that object. Markers were made at each contact location on each object to ensure consistency in grasped object placement between trials. After a 5 s initial trial period to ensure the object was stably grasped while the manipulator Fig. 6(a) ]. Such a motion is similar to swinging of a human arm while running. This was done with a point-to-point preplanned trajectory using the teach pendant and an FS100 controller. One trial constituted 21 individual oscillations (20 during the 10 complete cycles, plus 1 to return the arm to the zero position) during each trial. Ten trials were performed for each object and each configuration listed inTable II. A trial was considered a success if the object was not dropped for a 5 s time period after the robotic arm completed all motion. The number of oscillations completed before each object was dropped (if the trial was not successfully completed) was also recorded.
After data collection, statistical analyses were performed. Using the number of completed oscillations for each of the 10 trials per object, single-factor ANOVAs were performed between each tested configuration, resulting in a total of six pairwise comparisons for O1-O4. To account for the multiple pairwise tests, a Bonferroni correction was made while determining the significance of these results [27] . Additionally, a single-factor ANOVA test was performed using the percentage of trials completed for each configuration across all objects, resulting in four data points per set.
2) 2Axis Experiments:
The 2Axis experiments were conducted in a similar manner, with the exception that both J1 and J2 of the robot arm were excited simultaneously. Joint J1 of the arm executed the same trajectory as in the 1Axis experiments, while J2 was simultaneously driven from 0 to +1.25 rad over the same time period as in the 1Axis experiments [see Fig. 6(b) ].
Two configurations (NT and NTC) were tested for each object during this portion of the study (see Table II ). This illustrated the effect of the Coriolis disturbance force in the propagation of slip, even if centripetal and transverse forces are accounted for. After these experiments, a single-factor ANOVA was performed between the NT and NTC controller configurations for each object, using the number of oscillations completed per trial without dropping the object (1680 total oscillations; 420 for each of the four objects). A two-factor ANOVA was also performed using the same metric, considering the role of the controller configuration (p C O N F IG ) and object (p O B JE C T ) in the performance. Similar to the 1Axis experiments, another ANOVA was performed considering the total number of trials completed per Table II . ω 1 and ω 2 are depicted in Fig. 4(b) . (a) In the 0 configuration, the applied grip force remained relatively constant. 
IV. EXPERIMENTAL RESULTS AND SIGNIFICANCE
A. POC Experiments
Results of the POC experiments are presented in Fig. 7 , illustrating the effect of each compensation term on the response of the grip force applied by the manipulator. In the 0 configuration, the grip force experienced minor changes due to the rotational motion causing the orientation of the load cell to change with respect to gravity [see Fig. 7(a) ]. While in the N configuration (which compensates for centripetal force), rotation of the arm led to a steady increase in the grip force during rotation, after which the applied grip force returned to its initial value [see Fig. 7(b) ]. Addition of the t T term (compensating for the transverse force) in the NT configuration prompted a spike in the grip force at the onset and cessation of the rotational motion, while still maintaining an elevated grip force during the course of the rotation [see Fig. 7(c) ]. In the C configuration (compensating for the Coriolis force), the grip force increased only when both axes were in motion simultaneously [see Fig. 7(d)] .
B. Slip Prevention Experiments 1) 1Axis Experiments-Results:
The results of the 1Axis slip prevention experiments are presented in Fig. 8(a) . For all four objects, only the NT configuration enabled all 21 oscillations to be successfully completed. In the 0 configuration the manipulator only completed 4.8 out of the 21 oscillations on average before dropping the object and did not successfully complete any of the trials for any object [see Fig. 9(a) ]. An improvement was seen in the N and T cases individually, which, respectively, completed 14.7 and 13.4 oscillations on average across all objects [ Fig. 8(a) ]. However, the manipulator was unable to maintain the grasp throughout the majority of the trials, leading to a low number of total completed trials in each case (four out of ten maximum) [see Fig. 9(a) ]. While accounting for both centripetal and transverse forces (NT), all ten trials were successfully completed for three out of the four objects [see Fig. 9(a) ]. For O4 in this configuration, only seven out of ten trials were completed. In these cases, the hand maintained the grasp throughout all of the oscillations, but the rotation of the arm had induced enough slip that the manipulator dropped the object during the 5 s post-trial period.
The results of the pairwise single-factor ANOVAs for each object are shown in Fig. 10 . For objects O1 and O3, the NT configuration successfully completed significantly more oscillations than the remaining three configurations with a 95% confidence interval (CI). For O4, NT performed significantly better than T at 95% CI, and was significantly better at a 90% CI compared to N (see Fig. 10 ). For O2, NT exhibited significantly better performance at a 90% CI compared to N and T individually, and was significantly better than the 0 configuration with a 95% CI.
Most importantly, the results of the ANOVA considering the success percentage of total trials completed indicated that NT completed a significantly higher number of trials across all objects (p < 0.05), while no significant difference was seen between the remaining three configurations [see Fig. 9(b) ].
2) 1Axis Experiments-Discussion: For the 1Axis experiments, implementing any form of grip force compensation significantly improved performance over the default case (0) in 11 out of 12 cases, with the 0/T comparison for O3 being the only exception (see Fig. 10 ). Compensating for both centripetal and transverse forces (NT) likewise significantly improved performance over only compensating for one or the other (N or T), and led to a significant improvement in the total number of trials completed across all objects [see Fig. 9(b) ]. The low number of oscillations and trials successfully completed while under controller configuration 0 illustrate the negative influence of the aforementioned inertial loads on grasp stability. Even if the object is not explicitly dropped, these increased fictitious forces can cause the object to twist or move within the grasp. Slight variations in the initial hand posture (t 0 ) likely contributed to the standard deviations in the successful number of arm oscillations completed. This can most readily be seen in the 0 configuration [see Fig. 8(a) ].
3) 2Axis Experiments-Results:
In the NTC configuration, 39 out of the 40 trials conducted were completed successfully (see Fig. 9 ). The only exception was one trial with object O2 in grasp. While in the NT configuration all ten trials were completed for O4 only, none was successfully completed for O1, the book [see Figs. 6(c) and 9(a)]. Because two controller configurations were considered for these experiments, a single-factor ANOVA was possible for each object. The results of these analyses are presented in Table III . Of the four objects considered, a significant improvement was seen for O1 while under NTC compensation with a 95% CI, whereas NTC improved performance significantly with a 90% CI for O3. The single-factor ANOVA considering the average number of trials successfully completed across all four objects proved insignificant between the two configurations [see 
4) 2Axis Experiments-Discussion:
The NTC configuration offered the best ability to proactively prevent grasped object slip relative to the other considered cases in this paper because it accounted for all three of the described inertial loads. With the introduction of the Coriolis disturbance during the 2Axis experiments, a significant improvement in object slip prevention was seen with the NTC configuration over NT with the book [O3, 95% CI and the box of nuts (O3, at a 90% CI; Table III)] .
Results of the final two-factor ANOVA demonstrated that compensating for only a subset of the aforementioned fictitious forces can lead to a significant increase in object slip. This is illustrated by the significance of the arm motion in the performance of the NT configuration between 1Axis and 2Axis experiments (p M O T IO N < 0.001). The properties of the grasped object also significantly affected the propagation of slip (p O B JE C T < 0.001), and this parameter interacted strongly with both the controller configuration (p C O N F IG ) and arm motion (p M O T IO N ). From these results, it can be assumed that this proactive slip prevention technique could be even further improved given any additional information about the grasped object (mass, curvature, etc.), which could be ascertained through additional tactile feedback [8] .
V. DISCUSSION
The PSSP controller requires only a single input to synthesize dexterous grasps, whereas proactive slip prevention is done autonomously using feedback from an inexpensive gyro. This is particularly advantageous for upper-limb prosthetics applications, where obtaining multiple independent control inputs from upper limb absent persons is widely regarded as a challenge and cost, weight, and size are of paramount importance [17] . Rather than always maintaining a conservative grasp force, the PSSP controller only increases the grip force at the onset of motion, when slip is likely to occur. This has the benefit of increasing battery life of a prosthetic hand, which is important to upper-limb amputees.
The methodology used to synthesize and control the grasp in this paper has been used previously with electromyogram control by upperlimb amputees for other tasks with promising results [20] , [21] . Furthermore, information regarding the environment or grasped object (location of contact points, object shape/mass, coefficient of friction, etc.) in real-world prosthetics applications is seldom available. These challenges make this form of proactive slip prevention helpful because it does not require this information.
Nevertheless, the PSSP technique could be readily expanded to multidimensional control inputs for more nuanced control in well-defined grasping situations. In the less-known situations that occur with prosthetic hands, use of tactile feedback [32] to indicate the grasp characteristics is a promising approach to enable multidimensional inputs to modify the selected grasp synergy and to detect the onset of slip for a reactive slip prevention reflex.
Implementing both reactive and proactive forms of slip prevention would more closely mimic human control strategies and would add a further layer of anthropomorphism. One method of integrating the PSSP concept to an existing grasp control scheme is to consider it as a "transport" controller, similar to that proposed by Flanagan and Tresilian (see Fig. 11 ) [29] . Synthesis of grasps is an active area of research and a full discussion of this topic is outside the scope of this study (see [30] and [31] for further treatment of this topic). But upon Fig. 11 . Top-level block diagram illustrating a feedforward "transport" controller used to proactively prevent slip with a preferred grasp synthesis and grip control method. A reactive slip prevention reflex controller can also be implemented to account for eternal disturbances that cause slip.
synthesis of a stable grasp, the applied grip forces can be dynamically adjusted via a transport (PSSP) controller to maintain stability during arm movements while a reactive slip prevention controller actively compensates for slip caused by any other external disturbances applied to the object.
The PSSP concept is also readily portable across multiple robotic platforms. Velocity feedback is commonly available or could be easily provided for robotic manipulators, and the positive feedback terms used to prevent slip can be adapted to be compatible with other means of grasp planning and execution. Beyond this, the proactive slip prevention approaches presented herein can be readily applied to any other desired type of grasp via the temporally synchronized grasp synergies [20] , [21] method outlined in Fig. 2 .
VI. CONCLUSION
A novel PSSP control architecture was proposed to proactively increase the applied grip force in response to inertial loads induced by rotational motion. This mimics, in a way, the anticipatory grip control strategies exhibited by humans in that slip was proactively prevented in the presence of disturbance wrenches induced by inertial forces. Results of the slip prevention experiments demonstrated that the NTC configuration provided the best means for proactively preventing object slip by compensating for normal, tangential, and Coriolis inertial forces induced during general rotational motion. The PSSP controller would be well suited to upper-limb prosthetics and offers an economical means of helping to maintain grasp stability during manipulation. Furthermore, the PSSP controller is robustly stable, and can be readily used to supplement existing grasped object slip prevention techniques that operate reactively [6] , [7] rather than proactively [8] , [18] .
